Introduction
============

The interest in new simple sensor systems was again kindled by the recent controversial discussion concerning acrylamide and its role as a carcinogen in deep-fried foods. In animal experiments, Swedish scientists \[[@b1-sensors-04-00136]\] had identified its carcinogenic potential and also had discovered it in food products. However, its effect on humans is still under debate. Thus, a team of the Karolinska Institute \[[@b2-sensors-04-00136]\] in Stockholm analyzed a population study a second time, which examined the eating habits of cancer patients as compared to those of healthy persons. In contrast to the animal experiments, no significant differences between the two groups were found.

A possible pathway for the formation of acrylamide in food is the Strecker decomposition of the natural amino acid asparagine ([Figure 1](#f1-sensors-04-00136){ref-type="fig"}) \[[@b3-sensors-04-00136]\]. This reaction takes place at high temperatures, e.g. when roasting or deep-frying potatoes. Although not all biochemical reaction steps leading from asparagine to acrylamide have been fully uncovered, this reaction likely proceeds *via* a transamination-decarboxylation sequence that yields the Strecker aldehyde. Listings of quantities of acrylamide in food are, for example, supplied by several consumer associations \[[@b4-sensors-04-00136]\].

Due to the possibly hazardous risks of acrylamide, the development of a sensor system is highly desirable, which is able to detect acrylamide in food products in both a cost-efficient and safe way. Electronic noses, like the quartz microbalance (QMB) \[[@b5-sensors-04-00136]\] can make a significant contribution to solving this problem as they are an alternative to more complex and cost-intensive methods, like GC/MS. The QMB can be used for the detection of minute changes of masses at its surface, when a sensitive compound (host) as a top coating interacts with an analyte (guest) \[[@b6-sensors-04-00136]\]. The resonance frequency of the oscillating quartz chip is lowered when its mass increases due to guest binding.

Earlier, tetralactam macrocycles of the Hunter/Vögtle-type have been shown to qualify as highly sensitive and selective sensor-active layers for the detection of carbonyl compounds \[[@b7-sensors-04-00136]\]. These macrocycles can be synthesized according to well-established literature procedures \[[@b8-sensors-04-00136]\] starting from the appropriately functionalized isophthalic acid dichloride, which is converted to the so-called "extended diamine" by reaction with diamine 1 ([Figure 2](#f2-sensors-04-00136){ref-type="fig"}). Macrocyclization can be afforded by addition of a second isophthalic acid dichloride under high-dilution conditions. Through this step-wise protocol, unsymmetrically substituted macrocycles such as 6 or 8 become readily available. The substituents R and R\' can be varied to a great extent. Changing the electron densities in the isophthalic acid moieties is known to have a large effect on the binding constants of amides in solution \[[@b9-sensors-04-00136]\]. As a side-product, catenanes \[[@b10-sensors-04-00136]\], i.e. two mechanically interlocked rings, are formed from most precursors through template synthesis \[[@b11-sensors-04-00136]\]. One of them is included here for comparison.

Experimental set-up
===================

In order to provide exact concentrations of each analyte, a gas-mixing unit is used. For this purpose, a carrier gas, typically dry nitrogen, is led through a bubbler, which is filled with the analyte. According to the vapor pressures of the analytes, - the values are usually available from tabulated data \[[@b12-sensors-04-00136]\] -, the nitrogen stream becomes enriched with the analyte and is subsequently fed into the measuring chambers. By means of condensers, the gas mixtures can be cooled to an exactly defined temperature, at which the analyte partly condenses so that its concentration in the gas stream is lowered to the desired value. During a measurement cycle the coated host material is exposed to different concentrations of an individual analyte.

The measuring chamber accommodates up to 24 quartz sensors at one time. Each of the latter consists of a thin quartz plate with gold electrodes deposited onto both sides. The top electrode was coated with the sensor-active material using the electrostatic spray method as known from electrospray mass spectrometry \[[@b13-sensors-04-00136]\]. Briefly, the substance is dissolved in a polar solvent and transferred into a Hamilton syringe. Thereupon, a high voltage is applied between the needle of the syringe and the top electrode of the QMB. While the syringe is agitated by a computer-controlled step motor, the spray is accelerated by the electrostatic field towards the quartz, where it deposits on the electrode to yield a homogenous layer. By means of *in-situ* monitoring of the frequency of oscillation of the 10 MHz quartzes, the coatings are being standardized to result in thicknesses corresponding to a frequency shift of 20 kHz at a layer weight of 88μg/cm^2^. The integrity of the macrocycles after deposition on the sensor quartz was checked by ESI mass spectrometry, which gave the same mass spectra for the compounds before and after the spray process.

The coated quartz plates are then transferred into the measuring chamber and exposed to the different analytes, i.e. the volatile organic compounds (VOCs). The sensor response is monitored by a computer-based data system.

Results and discussion
======================

The Hunter-Vögtle macrocycles, as outlined in [Figure 2](#f2-sensors-04-00136){ref-type="fig"}, were examined as host material for the detection of acrylamide. [Figure 3](#f3-sensors-04-00136){ref-type="fig"} shows a typical sensor response to acrylamide as the guest at different analyte concentrations. Even at concentrations of acrylamide as low as 10 ppb the sensor yields a well detectable signal.

The analogous results for the other macrocycles are summarized in [Figure 4](#f4-sensors-04-00136){ref-type="fig"} as their frequency/concentration profiles. A steeper increase of the signal at increasing concentrations indicates a more potent sensor material.

As can be seen, 2 results in the smallest frequency shift when exposed to acrylamide. In marked contrast, 6 causes the highest frequency change among the hosts examined in this study. Both differ structurally only by the fact that the structure of 2 is open, while 6 exhibits a closed ring. This result prompted us to examine other related compounds such as 10, 2, 6 ([Fig. 2](#f2-sensors-04-00136){ref-type="fig"}), and 11 ([Fig. 5](#f5-sensors-04-00136){ref-type="fig"} and [Fig. 6](#f6-sensors-04-00136){ref-type="fig"})

By analyzing the characteristic responses, again the closed macrocycles, i.e. 11 and 6, are favored over the open-chain analogue 2, which likely exists in an extended conformation. The latter seems unfit for the assumed formation of the likely hydrogen bonds between the analyte and the macrocycles 11 and 6 \[[@b14-sensors-04-00136]\]. The catenane 10, whose cavities are mutually blocked by the other wheel, shows practically no sensitivity to acrylamide. These findings lead to the conclusion that an interaction of the macrocycles with acrylamide takes place within the cavity.

Next, the quartzes coated with 2 and 9 were exposed to propionic amide, acrylic acid, and propionic acid, and the results are compared to those of acrylamide ([Figs. 7](#f7-sensors-04-00136){ref-type="fig"} and [8](#f8-sensors-04-00136){ref-type="fig"}).

Since propionic acid exhibits no sensor response at concentrations lower than 1 ppm, and as the low vapor pressure of acrylamide only allows a maximum concentration of 10 ppm at ambient temperature in our apparatus, the frequency shifts of the acids and amides are most easily compared at analyte concentrations of 5 ppm. Here, host 6 shows a frequency shift of 397 Hz for acrylamide, whereas the sensor response of 276 Hz for propionic acid is lower by nearly a factor of 1.5. Upon exposition to 5 ppm of acrylic acid, the signal (152 Hz) is even reduced by a factor of 2.5. Most interestingly, the difference between acrylamide and propionic amide (31 - 38%) and that between acrylic acid and propionic acid (27 - 36%) are of the same order of magnitude. This effect is also observed for host 2 and could reflect the influence of the additional double bond of acrylamide and acrylic acid. One might speculate that π-π interactions with the aromatic rings of the macrocycles play some role.

Geometry optimizations of a number of different conformations of the unsubstituted macrocycle at the semi-empirical AM1 level of theory \[[@b15-sensors-04-00136]\] show the tetralactam hosts to slightly favor an *all-in* conformation \[ [@b16-sensors-04-00136] \], in which all amide NH groups are oriented into the macrocycle cavity. Nevertheless, conformations with one or two inverted amides, whose carbonyl groups point into the cavity, are calculated to be approximately 5 kJ/mol above that of the *all-in* structure. Furthermore, the barriers for amide rotation are low so that it can safely be assumed that the macrocycles can easily adopt any of these conformations in solution. It is not quite clear, whether amide rotation may happen, once the sensor-active layer is sprayed onto the quartz surface and dried. Nevertheless, we have studied the binding of the four guests, i.e. acrylamide, acrylic acid, propionic acid, and propionic amide, to the unsubstituted tetralactam macrocycle assuming that it adopts the conformation most favorable for binding. All guests under study here are capable of forming a total of three hydrogen bonds to the macrocycle, when bound inside the cavity ([Fig. 9](#f9-sensors-04-00136){ref-type="fig"}). This pattern of hydrogen bonds has experimentally been confirmed through X-ray crystallography of rotaxanes and catenanes that were synthesized by a template effect utilizing amide binding inside their wheels \[[@b17-sensors-04-00136]\].

The calculated AM1 binding energies (*ΔH~assoc~*) are somewhat higher than those determined in dichloromethane solution for other similar amides, esters, ketones, and even acid chlorides \[[@b18-sensors-04-00136]\]. However, since temperature-dependent measurements are currently not yet available, these experimental binding constants reflect the free binding enthalpies (*ΔG~assoc~*) and thus, include entropic contributions. Consequently, they are not directly comparable; therefore, we can only state that the observed trends agree perfectly with those found in the experiment.

Simultaneous binding to more than one amide group at the periphery of the macrocycle outside its cavity is not likely and provides a lower binding energy. Likewise, binding of the analyte at interstitial cavities between the macrocycles is not likely either. This is underlined by the fact that there is no sensor response of the catenane, which should easily be able to form such interstitial cavities, while no open cavity inside the macrocycles is present. Clearly, the amides form stronger hydrogen bonds than the corresponding acids as is reflected in their respective binding energies ([Table 1](#t1-sensors-04-00136){ref-type="table"}). Whereas, the acids bind with energies in the range of 16 to 18 kJ/mol, the amide binding strengths are calculated to be about twice as high (ca. 36 to 40 kJ/mol). This trend is in line with the measured association constants in solution and correlates well with the results obtained with the quartz microbalance. Here, the amides yield the highest frequency differences, while the acids show a lower frequency response. These calculated bonding properties agree well with the experimental results obtained.

Conclusions
===========

In this work, the Hunter-Vögtle macrocycles could be identified as highly sensitive and selective coatings for the detection of acrylamide using gravimetric sensors. The lower detection limit of acrylamide is in the range of the maximum allowable concentration (MAC) of 10 ppb, which is impressively low for these commercially available quartz microbalances. Accordingly, these robust sensors provide for a cheap and easy to handle alternative to more expensive analytical methods such as GC-MS for monitoring concentrations of acrylamide down to its MAC-value.

Related compounds, like acrylic acid yield no signal in these concentration ranges, which clearly underlines the selectivity of the macrocycles used here. Comparison of analogous sensor materials with different topologies suggests acrylamide to be bound inside a cavity within the macrocycle. Further investigations concerning cross-sensitivities to typical compounds occurring in food products for measurements under ambient conditions are under investigation. First measurements of acrylamide in potato chips indicate no or a minor cross-sensitivity towards moisture. However, commercially available humidity sensors could be used to eliminate possible cross-sensitivities to water.
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![Characteristic frequency difference/concentration profiles of the tetralactam macrocycles 6 - 9 examined in this study including the open-chain extended diamine 2.](sensors-04-00136f4){#f4-sensors-04-00136}
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![AM1-optimized structure of the complex of tetralactam macrocycle 5 with acrylamide.](sensors-04-00136f9){#f9-sensors-04-00136}

###### 

Heats of formation ΔH~f~ and binding energies ΔH~assoc~ of four different analyte molecules to the unsubstituted tetralactam macrocycle calculated at the AM1 level of theory.

  **compound**                       **macrocycle**   ***ΔH****~f~* **(kJ/mol)**   ***ΔH****~assoc~* **(kJ/mol)**
  ---------------------------------- ---------------- ---------------------------- --------------------------------
  *single components*                                                              
  **Acrylamide**                                      -102.8                       
  **acrylic acid**                                    -321.0                       
  **propionic amide**                                 -236.2                       
  **propionic acid**                                  -456.0                       
  **macrocycle 5**                   all-in           -146.7                       
  3-in-1-out                         -145.5                                        
  2-in-2-out                         -144.7                                        
                                                                                   
  *macrocycle - analyte complexes*                                                 
                                                                                   
  **Acrylamide**                     3-in-1-out       -292.6                       -36.4
  **acrylic acid**                   3-in-1-out       -492.4                       -18.0
  **propionic amide**                3-in-1-out       -429.7                       -40.1
  **propionic acid**                 3-in-1-out       -625.3                       -15.9
